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Abstract
Novel sol±gel glass thin ®lms containing 12-molybdophosphoric acid were achieved on the surface of a glassy carbon
electrode by the sol±gel technique. The electrochemical behavior of the modi®ed electrode was studied in detail. The new
chemically modi®ed electrode was shown to exhibit a high electrocatalytic response for the reduction of iodate. Iodate in table
salt was determined amperometrically in pH 2.6 acidic aqueous solution at the modi®ed electrode with satisfactory results.
The method had a linear range from 510ÿ6 to 610ÿ3 M and a detection limit of 110ÿ6 M (signal-to-noise ratio 3).
# 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
In the last years, soluble metal±oxide clusters (poly-
oxometalates) are receiving increasing interest in the
®eld of chemically modi®ed electrodes, owing to their
excellent thermal, redox stability and special electro-
catalytic properties. Polyoxometalates (POMs) can
accept and release a certain number of electrons with-
out decomposition, thus serving as multi-electron
relays. These properties of POMs have been recog-
nized and exploited in many applications. In general,
there are three main schemes for attaching these
species to an electrode surface, viz. electrochemical
deposition [1,2], adsorption [3±6] and immobilization
as a dopant in conductive polymeric matrices [7±10].
However, electrodeposition of a POM on the electrode
surface usually produces a ®lm with unknown struc-
ture and thus is seldom adapted. Depending on the
nature of the polymer, ®lm synthesized by incorpora-
tion of a POM in a polymeric matrix often does not
display the same electrochemical properties and there-
fore has a different electrocatalytic activity. This raises
the problem of choice of matrix, and only by matching
the electrochemical behavior of the POM with the
properties of the polymer can very stable and inter-
esting assemblies be generated, in which simultaneous
use can be made of the properties of both components
[10]. An adsorbed POM formed by coating with a
layer of POM ®lm on an electrode surface tends
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gradually to leach from the solid support and has a
decreasing response with time and thus a short life-
time. These inherent limitations could restrict the use
of these coatings in various applications. Therefore, it
seems imperative to explore the development of a
simple and reliable method to immobilize and stabi-
lize a POM, with its structure and properties retained
to a large extent.
The sol±gel process provides a very attractive and
convenient technique for the immobilization of dif-
ferent reagents [11±15]. The entrapped species pre-
serve their functional characteristics and usually do
not leach out or leach out only very slowly when an
appropriate entrapment procedure is used. These prop-
erties will contribute to the long-term operational
stability of the sol±gel doping materials under storage
conditions, which is expected to be comparable to
covalently bonded matrices and superior to adsorption
because of the isolation of the reagent from the
surroundings by the bottleneck structure of the pores
[16]. Thus, this method seems capable of solving the
problem mentioned above. A simple method to mod-
ify electrodes is to apply a thin sol±gel ®lm containing
the required reagent onto the surfaces of electrodes.
Charge mediators and chromophores, metal and
organo-metallic catalysts, preconcentration agents,
ionophores, and active proteins are used as electrode
modi®ers. The encapsulated modi®er can then interact
with both the surrounding environment and the elec-
trode surface.
Although most applications of the sol±gel method
to date have been based on spectroscopic techniques, a
few papers have emerged recently on the use of
electroanalytical procedures [17±20]. For instance,
Narang et al. [17] have immobilized glucose oxidase
(GOD) in a series of prototype tetraethylorthosilicate
(TEOS)-derived sol±gel thin ®lms for the determina-
tion of glucose relying on the direct detection of
hydrogen peroxide. Glezer and Lev [18] prepared Pt
electrodes with GOD entrapped within a vanadium
pentoxide gel and demonstrated the possibility of
detection of glucose by cyclic voltammetry. Heineman
and Seliskar [19] described an electrochemical sensor
coated with new ion-exchange glasses formed by the
sol±gel method for detection of FeCN4ÿ6 and
Rubipy23 : Similar results were recently reported
for electrodes that were coated with a ®lm prepared
from (3-aminopropyl) methyldiethoxysilane [20].
These researches have demonstrated that sol±gel
materials are especially well-suited for sensor appli-
cations and electrochemical studies owing to their
excellent physical and chemical stability and the ease
with which they can be prepared [16,21,22].
In this paper, we ®rst describe the electrode mod-
i®cation by a sol±gel silicon dioxide gel ®lm doped
with 12-molybdophosphoric (PMo12) acid, the aim of
which is to apply this simple technique to obtaining
more stable PMo12 doped ®lm electrodes with the
structure and function of PMo12 retained. This easily
constructed gel ®lm electrode retains its electroche-
mical activity and exhibits high electrocatalytic activ-
ity for IOÿ3 : It shows promising results for
amperometric detection of IOÿ3 in table salt.
2. Experimental
2.1. Materials
Tetraethoxysilane (TEOS) was purchased from
Aldrich. 12-Molybdophosphoric acid [H3(PMo12O40)
xH2O] (i.e. as PMo12) was purchased from Beijing
Chemical Reagent. Emulsion poly(ethylene glycol
benzylethyl) (OP) was from Shanghai. All other che-
micals were of analytical-reagent grade and were used
as received. All solutions were prepared with double
distilled water.
2.2. Apparatus
Electrochemical experiments were performed on a
Model PAR173 potentiostat/galvanostat, 179 cou-
lombmeter and a Model DCG-2 universal programmer
(JiLin Longjing Analytical Instrument Plant, China).
The cyclic voltammograms were recorded with a
RDK-RW-117 X-Y recorder (Japan). UV±visible
spectra were obtained using a Shimadzu 240 UV±
visible recording spectrophotometer. All experiments
were done using a three-electrode cell con®guration
with a modi®ed or unmodi®ed glassy carbon (GC)
disk working electrode, a saturated calomel reference
electrode (SCE) and a platinum foil auxiliary elec-
trode. All experimental solutions were thoroughly
deoxygenated by bubbling pure N2 through the solu-
tion for at least 15 min. In the constant potential
experiments, a gentle ¯ow of N2 was also used to
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facilitate stirring and the background current was
allowed to decay to a constant value before IOÿ3
was added to the buffer solution. All potentials were
measured and reported versus the SCE (saturated
KCl).
2.3. Fabrication of the electrode
The method of immobilizing PMo12 on the surface
of GC electrode by the sol±gel technique is described
brie¯y as follows. A GC electrode was polished with
emery paper followed by alumina (1.0, 0.5 and
0.3 mm) and then thoroughly washed with water,
sonicated in ethanol, washed again with water and
the ethanol, and ®nally dried in air. The doped silica
gel ®lms were prepared by hydrolysis and condensa-
tion of TEOS. First, one drop of surface active agent
OP was dissolved in 1 ml of ethanol. One drop of this
solution was mixed with four drops of ethanol, eight
drops of water, one drop of 0.01 M HCl in water and
10.0 mg of PMo12. Second, after careful mixing, three
drops of TEOS were added and carefully mixed by
sonication. The resulting clear solution was aged for
30 min, and then 2 ml of the freshly prepared mixed
solution was dropped onto the cleaned surface of the
GC disk electrode. The gel ®lm was dried in an air
stream for several minutes and then dried at ca. 558C
for 24 h.
A freshly cleaned quartz slide was covered with the
above solution by spin coating for absorption spectral
characterization. Other conditions were the same as
fabrication of the modi®ed electrode.
Before carrying out the optical absorption and
electrochemical experiments, the gel ®lm electrode
and gel coated quartz slide should be soaked in pH 2.6
Na2SO4±H2SO4 aqueous solution to leach out the
excess PMo12 which was not entrapped inside the
SiO2 network.
3. Results and discussion
3.1. UV±visible spectra of the gel films containing
PMo12
Using the sol±gel method, optical-quality silica
®lms were obtained in which the structure and func-
tion of the encapsulated reagents could be character-
ized by optical absorption spectroscopy. The PMo12-
doped silica gel ®lm absorption spectrum was
obtained using a quartz slide as substrate. It was found
that PMo12 in gel ®lms is not affected by the gelation
processes and the absorption bands are similar to those
obtained for PMo12 in solution (Fig. 1). This suggests
that no major structural or conformational changes
have taken place in PMo12. The strong similarity of the
optical absorption spectra between the PMo12 in gel
®lms and in aqueous solution is based on the following
characteristics of the sol±gel doping materials [16].
First, physical entrapment of PMo12 in the SiO2
matrices preserves the integrity and directional homo-
geneity of the PMo12 surface microstructure. The
silicate matrix functions as a solid solution of
PMo12, inhibits intermolecular interactions of
PMo12 and isolates individual PMo12 molecules from
each other. Second, PMo12 is retained in an aqueous
microenvironment inside the pores of the silicate
glass. Because the cavities produced by the chemical
Fig. 1. UV±visible spectra of the PMo12 in gel film (a) and in
acidic aqueous solution (b).
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doping are not hermetically sealed, at least some of the
doped molecules are free to move between them. This
property contributes to the retention of structure and
liquid-phase reactivity of the encapsulated PMo12
species.
3.2. Electrochemistry of the PMo12 doped gel film
electrode
As is known, the immobilized PMo12 is unstable in
neutral and basic aqueous solution and undergoes a
series of hydrolysis processes, but is fairly stable in
acidic solution. So the electrochemical experiments
were all performed in acidic aqueous solution of pH
2.6 (Na2SO4±H2SO4) according to the literature
[8,23]. Solutions of different pH values (pH 1±4) were
prepared from 0.1 M Na2SO4 by adjustment with
0.5 M H2SO4. Fig. 2 shows the cyclic voltammograms
for undoped and doped PMo12 gel ®lm electrodes in
pH 2.6 Na2SO4±H2SO4. It can be seen that in the
potential range 0.6 to ÿ0.3 V, no redox peak at the
undoped gel ®lm electrode is observed (a), while at the
PMo12-doped electrode, three reversible redox peaks
appear (b). The mean peak potential E1/2(EpaEpc)/
2 are 0.20 V(I),0.048 V(II) and ÿ0.19 V(III) with
peak potential separations of 25(I), 25(II) and
30(III) mV, respectively. The shape of the cyclic vol-
tammogram is very similar to that of the PMo12
monolayer adsorption ®lm electrode in an acidic
aqueous solution [4]. Redox peaks I-I0, I-II0 and I-III0
correspond to reduction and oxidation through two-,
four- and six- electron processes, respectively [5,24].
These results suggest that the entrapment of PMo12 in
gel ®lms introduces no difference in the electronic
structures of the oxidized or the reduced forms of the
redox couple. The electrochemical reaction of PMo12-
doped sol±gel ®lm electrode can be shown as follows:
PMo12O
3ÿ















40  2eÿ  2H  H6PMoV6 MoVI6 O3ÿ40
(3)
Fig. 3 shows the cyclic voltammograms of the ®lm
electrode at different scan rates in the potential range
0.6 to ÿ0.3 V in pH 2.6 Na2SO4±H2SO4. The peak
Fig. 2. Cyclic voltammograms of undoped (a) PMo12 and doped
(b) gel film electrode in pH 2.6 Na2SO4±H2SO4 aqueous solution.
Scan rate, 50 mV sÿ1.
Fig. 3. Cyclic voltammograms of PMo12 gel film electrode in pH
2.6 Na2SO4±H2SO4 aqueous solution at different scan rates (from
inner curve to outer curve: 10, 50, 100, 200 mV sÿ1).
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currents of three redox couples increase linearly with a
scan rate between 10 and 200 mVs ÿ1, which indicates
a surface-con®ned process. Electron-transfer in the
®lms displays thin-layer behavior. Moreover, the
cathodic peak currents are almost the same as the
corresponding anodic peak currents and the peak
potentials do not change with increasing scan rate.
Fig. 4 shows the pH effect on the electrochemical
behavior of the PMo12-doped sol±gel ®lm electrode.
From Fig. 4, it can be seen that along with increasing
pH, the redox peak potential shifts gradually to more
negative potentials and the peak currents are also
decreased. Compared with Fig. 4(b), upon addition
of H to a pH 2.6 aqueous solution to make the
solution 0.5 M H2SO4, the peak currents for all three
redox couples are increased largely [Fig. 4(a)]. How-
ever, the replacement of H by bulky cations to make
the solution pH 3.8 diminishes the current [Fig. 4(c)].
In general, when PMo12 is immobilized in gel ®lm
electrodes, reduction is accompanied by charge neu-
tralization (balance of charge) which of course, is the
reason for the observed current in modi®ed electrodes.
Along with increasing pH values (replacement of H
by bulky cations), slower penetration (charge propa-
gation) of bulkier cations to the active centers should,
most likely, be the reason for the decrease of the
current. This also explains the shift to the more
negative reduction potentials. When the solution
was again made in 0.5 M H2SO4, the low pH voltam-
mogram was restored. This tends to suggest that as
long as there is a high concentration of protons in the
solution, charge compensation by other cations is
unnecessary, as has been observed elsewhere [25].
Compared to the properties of ®lms obtained by
conventional methods, the sol±gel doping technique
has certain advantages. Several authors have reported
sensors with higher operational stability and repeat-
ability than that of the traditional ®lms. For example,
1,10-phenanthroline-doped sensors do not change
their response even after six months storage in ambient
condition [26]. The operational life in solution is
largely determined by the leachability of the immo-
bilized reagent. Li et al. [27] developed an ampero-
metric H2O2 gel ®lm biosensor that demonstrated
improved sensitivity and stability for the aqueous
phase application. The same conclusions were
obtained from our present work. When the stability
of the PMo12 gel ®lm electrode was investigated, it
was found that the stability of the PMo12-gel ®lm
electrode was much improved compared to the pure
form coated electrode. In the potential range 0.6 to
ÿ0.3 V versus SCE, in pH 2.6 Na2SO4ÐH2SO4 and at
50 mV sÿ1 scan rate, after about 30 min the current
response was almost unchanged. When the modi®ed
electrode was stored in pH 2.6 Na2SO4±H2SO4 aqu-
eous solution, the current response remained almost
unchanged for 1 month. We deduce that the high
stability of a PMo12-doped sol±gel ®lm electrode is
related to the stabilization effect of the solid matrix
and the possible interactions between the doped
PMo12 and silanol groups on the inner surfaces of
the pores [28]. The CME had the same current
response in different solutions with the same compo-
sition. A series of seven CMEs containing PMo12
prepared in the same manner and immersed in pH
2.6 Na2SO4±H2SO4 at a scan rate of 50 mV s
ÿ1, gave
an average cathodic peak current with a relative
standard deviation (RSD) of 5.3%. These observations
Fig. 4. The effect on voltammograms of cations in solution and
pH. O.5M H2SO4 (a), pH 2.6 Na2SO4±H2SO4 (b), pH 3.8 Na2SO4±
H2SO4 (c). Scan rate, 50 mV s
ÿ1.
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indicate that the CMEs have good stability and repro-
ducibility.
3.3. The electrocatalytic reduction of IOÿ3 at the
PMo12-doped gel film electrode
Although the amperometric response of PMo12-
doped gel ®lm electrode in 0.5 M H2SO4 is enhanced
compared with that in a high pH solution, the steady
electrocatatytic response of IOÿ3 in such a high acidic
solution cannot be achieved until pH>2.56. Therefore,
pH 2.6 Na2SO4±H2SO4 aqueous solution was selected
for the electrocatalytic reduction determination of IOÿ3
by considering both the sensitivity and the stability of
the modi®ed electrode.
Unoura et al. [29] and Dong [8,30] have studied the
electrocatalytic effect of PMo12 on the reduction of
ClOÿ3 and BrO
ÿ
3 in homogeneous aqueous solution
and at the immobilized PMo12 ®lm electrode, respec-
tively. In experiments, we ®nd that the PMo12 sol±gel
®lm electrode has a catalytic effect on the reduction of
iodate. As is known, the electroreduction of iodate
requires a large overpotential, and no obvious
response is observed in the range 0.6 to ÿ0.3 V
on an undoped gel ®lm electrode in pH 2.6 Na2SO4±
H2SO4 solution containing 110ÿ3 M IOÿ3 ; as shown
in Fig. 5(a). The catalytic reduction of IOÿ3 by the
PMo12 doped gel ®lm electrode can be seen clearly in
Fig. 5(b). From Fig. 5(b) it can be seen that adding
IOÿ3 to the cell produces a dramatic change in the
cyclic voltammograms with an increase in cathodic
currents and a concomitant decrease in anodic cur-
rents. The catalytic current increases with the con-
centration of IOÿ3 : The catalytic waves appear on the
second (peak II) and the third (peak III) reduction
waves of PMo12. Peak I is almost unaffected by iodate.
This catalytic behavior is similar to that of the elec-
trocatalytic reduction of O2 by SiW12 [31], but it is
different from the electrocatalytic reduction of BrOÿ3
and ClOÿ3 by PMo12 [8]. The IO
ÿ
3 is reduced by the
four-electron- and six-electron-reduced species in the
presence of protons to yield Iÿ, and the two-electron-
reduced species is regenerated. It can also be seen that
the six-electron-reduced species has a larger catalytic
activity toward IOÿ3 than the four-electron-reduced
species. So the catalytic activity of PMo12 toward
IOÿ3 increases with the extent that PMo12 is reduced.
The electrocatalytic behavior of a PMo12-doped sol±
















40  2IOÿ3 ! 3H2PMoV2 MoVI10O3ÿ40
6H2O 2Iÿ (5)
3.4. Application
On the basis of the voltammetric results described
above, it appears likely that amperometric detection of
IOÿ3 by the PMo12 doped sol±gel ®lm electrode is
possible. According to the potential dependence of the
IOÿ3 electrocatalytic reduction current at steady-state
conditions, the optimum electrode potential was
Fig. 5. Cyclic voltammograms of undoped (A) PMo12 gel and
doped (B) gel film electrode in aqueous solution pH 2.6 Na2SO4±
H2SO4 containing IO
ÿ
3 concentrations of 0.0(a), 1.010ÿ3(b),
2.510ÿ3(c), 4.510ÿ3(d) M. Scan rate, 50 mV sÿ1.
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selected at ÿ0.2 V versus SCE for amperometric
measurements in order to obtain constant and high
sensitivity. Fig. 6 shows the typical steady-state cur-
rent±time response of a PMo12-doped sol±gel ®lm
electrode when the operating potential was controlled
at ÿ0.2 V vs. SCE. The electrode response time was
less than 10 s after addition of IOÿ3 until steady-state
values were obtained. The fast response is attributed to
the thin active ®lm and short penetration depth of IOÿ3 :
Fig. 7 shows the calibration graph for iodate at the
modi®ed electrode. The electrode response was linear
for IOÿ3 within the concentration range 510ÿ6±
610ÿ3 M (slope 8 mA/mM correlation coef®cient
of 0.999). The detection limit was 110ÿ6 M (sig-
nal-to-noise3). The relative standard deviation of the
peak current Ipc to 10 repeated injections of 510ÿ5 M
IOÿ3 was 2.4%.
Interference effects were investigated by testing the
responses of the modi®ed electrode to NaCl, SO2ÿ4 ,
Mg2, Ca2, Ba2, F-, As3, Pb2, Zn2. These
species are the species that exist in table salt samples.
In experiments, we found that a large amount of NaCl,
a 2000-fold weight excess of SO2ÿ4 , 200-fold Mg
2,
Ca2, 100-fold Ba2, 50-fold Pb2, and 20-fold Zn2,
As3, F- did not interfere in the detection of IOÿ3 . Thus
the electrode described is selective for iodate and the
electrode was then applied for determination of IOÿ3 in
table salt, the results of six replicate analyses were a
mean of 43.85 mg IOÿ3 g
ÿ1 with a RSD of 1.1%
compared to 44.02 obtained by a standard trimetric
method.1 It can be seen that the agreement between the
two methods is satisfactory.
4. Conclusions
It has been demonstrated that silicon dioxide gel
®lms containing PMo12 can be fabricated on the sur-
face of a glassy carbon electrode based on the sol±gel
method. The chemically modi®ed electrode can cat-
alyze the electroreduction of IOÿ3 , and has many
advantages, such as simple preparation, fast response,
good chemical and mechanical stability and excellent
reproducibility. The chemically modi®ed electrode is
especially suitable for amperometric detection of
iodate.
References
[1] B. Keita, L. Nadjo, Mater. Chem. Phys. 22 (1989) 77.
[2] B. Keita, A. Belhouori, L. Nadjo, J. Electroanal. Chem. 314
(1991) 345.
[3] Y. Izumi, K. Urabe, Chem. Lett. (1981) 663.
[4] B. Wang, S. Dong, Electrochim. Acta 41 (1996) 895.
[5] S. Dong, Z. Jin, J. Chem. Soc., Chem. Commun. (1987) 1871.
[6] A. Kuhn, F.C. Anson, Langmuir 12(22) (1996) 5481.
[7] G. Bidan, E.M. Genies, M. Lapkowski, Synth. Met. 31 (1989)
327.
[8] S. Dong, W. Jin, J. Electroanal. Chem. 354 (1993) 87.
[9] B. Keita, A. Mahmoud, L. Nadjo, J. Electroanal. Chem. 386
(1995) 245.
[10] B. Keita, D. Bouaziz, L. Nadjo, J. Electroanal. Chem. 255
(1988) 303.
[11] R. Zusman, C. Rottman, M. Ottolenghi, D. Avnir, J. Non-
Cryst. Solids 122 (1990) 107.
Fig. 6. Amperometric response to successive increments of
510ÿ5 M IOÿ3 : The operating potential was ÿ0.2 V vs. SCE.
Fig. 7. Calibration graph for IOÿ3 at a PMo12 modified electrode.
1Standard methods of analysis for food and hygienic chemists
with commentary ± authorized by the Department of Public Health,
P.R. China (Physics and Chemistry Section).
W. Song et al. / Analytica Chimica Acta 394 (1999) 73±80 79
[12] V. Chernyak, R. Reisfeld, R. Gvishi, D. Venezky, Sens. Mater.
2 (1990) 117.
[13] K. Eguchi, T. Hashiguchi, K. Sumiyoshi, H. Arai, Sensors &
Actuators B 1 (1990) 154.
[14] J. Gun, M. Tsionsky, O. Lev, Anal. Chim. Acta 294 (1994)
261.
[15] J. Gun, M. Tsionsky, Y. Golan, I. Rubinson, O. Lev, J.
Electroanal. Chem. 395 (1995) 57.
[16] O. Lev, M. Tsionsky, L. Rabinovich, V. Glezer, S. Sampath, I.
Pankratov, J. Gun, Anal. Chem. 67 (1995) 22A and references
therein.
[17] U. Narang, P.N. Prasad, F.V. Bright, K. Ramanathan, N.D.
Kumar, B.D. Malhotra, M.N. Kamalasanan, S. Chandra, Anal.
Chem. 66 (1994) 3139.
[18] V. Glezer, O. Lev, J. Am. Chem. Soc. 115 (1993) 2533.
[19] M.D.P. Dominguez, H. Shen, W.R. Heineman, C.J. Seliskar,
Anal. Chem. 69 (1997) 703.
[20] C.C. Hsueh, M.M. Collinson, J. Electroanal. Chem. 420
(1997) 243.
[21] L.L. Hench, J.K. West, Chem. Rev. 90 (1990) 33.
[22] D. Avnir, Acc. Chem. Res. 28 (1995) 328 and references
therein.
[23] X. Xi, S. Dong, Electrochim. Acta 40 (1995) 2785.
[24] B. Wang, S. Dong, Electrochim. Acta 37 (1992) 1859.
[25] D. Ingersoll, P.J. Kulesza, L.R. Faulkner, J. Electrochem. Soc.
141 (1994) 140.
[26] O. Lev, Analusis 20 (1992) 543.
[27] J. Li, S.N. Tan, H. Ge, Anal. Chim. Acta. 335 (1996) 137.
[28] J. Lin, W.B. Chris, Trends Anal. Chem. 16 (1997) 200.
[29] K. Unoura, A. Iwashita, E. Itabashi, N. Tanaka, Bull. Chem.
Soc. Jpn. 57 (1984) 597.
[30] B. Wang, S. Dong, FenXi Huaxue 20 (1992) 1069.
[31] G. Bidan, E.M. Genies, M. Lapkowski, J. Chem. Soc., Chem.
Commun. (1988) 533.
80 W. Song et al. / Analytica Chimica Acta 394 (1999) 73±80
